Abstract--Expansion properties of ten homoionic smectites that differed in amount and location of layer charge were examined by X-ray powder diffraction analysis at various relative humidities, or after glycerol or ethylene glycol solvations. Except for K-samples with glycerol solvation, and Na-and Ca-samples with ethylene glycol, differences in the basal spacings are observed in samples having similar layer charge. These results show that the basal spacings are larger when the layer charge is located in octahedral sites than when it is in tetrahedral sites. This suggests that expansion is due to the combined effects of the charge location and amount.
INTRODUCTION
Differences in expansion properties of montmorillonites, beidellites, and vermiculites have been of interest to clay mineralogists. Many workers have studied the relationship between expansion properties and crystallographic factors. Mooney et al. (1952) and Keren and Shainberg (1975) find that variation in basal spacing depends chiefly on the kind and valency of the interlayer cations. Iwasaki (l 979) and Iwasaki and Watanabe (1988) support this view on the basis of the expansion behavior of smectites. Schultz (1969) and Horvfith and Novfik (1976) , on the other hand, claim that the total layer charge is the controlling factor influencing expansion properties. Btindley (1966) and Suquet et aL (1975) determined the basal spacings of ethylene glycol (EG) and glycerol complexes (GLY) of smectite and vermiculite with various layer charges and concluded that the total layer charge plays a major role in the expansion properties of layer silicates. However, the precise relationship between layer charge and expansion is still not clear. For example, Kodama et aL (1974) , Suquet et aL (1975 Suquet et aL ( , 1977 , and Watanabe and Sato (1988) reported that expandable clay minerals Copyright 9 1992, The Clay Minerals Society with the same layer charge had different expansion behaviors. Glaeser and Meting (1968) and Suquet et al. (1975 Suquet et al. ( , 1977 estimated the effects of interlayer cations, net layer charge, and charge location (octahedral or tetrahedral) on the expansion properties. From their investigation of a synthetic smectite, Harward and Brindley (1965) insisted that beideUite exhibits expansion properties intermediate between those of montmorillonite and vermiculite. In these papers, it was generally found that the basal spacings oftetrahedrallycharged smectites were smaller than those of the octahedrally-charged smectites under the same hydration and solvation conditions. Hartman (1979, 1982) considered all possible factors influencing the expansion properties of layer silicates, and calculated the electrostatic contribution to the interlayer bonding. They concluded that the energy required to expand the octahedrally-charged layer silicate was larger than that of the tetrahedrally-charged layer silicate. On the other hand, Schultz (1969) suggested that the expansion properties did not depend on the charge location. In these papers there is discrepancy with respect to the factors that affect the expansion of smectites. It is very important for better identification and characterization of the expandable clay minerals to elucidate the cor- relation between the various factors and the expansion properties. At present, based on previous studies, the identification of the expandable clay minerals is generally based on the expanding behavior of samples saturated with either Ca or Mg and solvated with either ethylene glycol or glycerol (Walker, 1958; Harward et al., 1969) on the collapsing behavior of K-saturated samples (Weaver, 1956 ). These expanding-behavior tests have been widely used for distinguishing the different expandable minerals. However, these tests are not diagnostic for the estimation of charge characteristics in common smectites in which the charge is distributed over tetrahedral and octahedral sheets.
The objectives of this paper, therefore, are (1) to explore the respective effects of net layer charge and charge location on the expansion properties of dioctahedral smectites, and (2) to establish the principal criteria useful for the estimation of charge characteristics.
MATERIALS AND EXPERIMENTAL METHODS

Samples
Ten smectites were examined in this study. Some characteristics of the samples are given in Table 1 . Mineralogically, these smectites consist of six montmorillonites (Sta-9c, SWy-l, SAz-1, N1, M6, and Ts), one nontronite (NG-1), and three beidellites (TU6, BS-3, B2). The value of the do6o spacing indicates that all the samples are dioctahedral (Table 1 ). These samples are considerably different in net layer charge (within the range from 0.68 to 1.17 esu/unit cell) and in the relative amounts of negative charge in the octahedral and tetrahedral layers. The charge distributions of these samples are presented in Figure 1 as plots oftetrahedral charge versus octahedral charge (esu/unit cell).
Sample preparation
All samples were ultrasonically disaggregated in distilled water and the <2-/~m fraction separated using centrifugation. The separates were air-dried at room temperature. Homoionic M-clays (M = Li +, Na +, K +, and Ca ~+) were prepared by treating the colloidal fractions with 1 N chloride solutions, except for the Ca 2+-clays which were prepared using a 1 N acetate solution. The clays were treated with the salt solutions three times at 24 hour intervals. Afterward, the clays were treated two more times with the salt solutions to achieve complete exchange. Then, they were washed three times with 80% ethanol and several times with distilled water until chloride free. For XRD investigation, oriented specimens were prepared by drying the suspensions on glass slides at room temperature.
For the Greene-Kelly test, Li-saturated samples were prepared with water and spread on silica slides. The samples were allowed to dry slowly at room temperature and then heated at 250~ for 24 hr in a muffle furnace. Afterward, for solvation, the slides were placed in a sealed glass container containing glycerol for 24 hr.
X-ray diffraction
The oriented XRD patterns of the homoionic samples were measured under a controlled relative humidity (RH) and also after solvation with glycerol (GLY) or ethylene glycol (EG). XRD examination under controlled RH was performed by the ReCX (Relative humidity Control system for X-ray diffractometer). The ReCX system was described in detail by Watanabe and Sato (1988) . Using this system, the following experiment was performed. The oriented samples were kept in the specimen chamber at 0% RH for 6 hours. Then, XRD examination was performed at 10% RH intervals in the range of 0-100% RH after confirming that a constant d-spacing and intensity of the (001) reflection had been obtained at each RH. It took up to 10 minutes to reach equilibrium after each 10% RH increment. Only the hydration process (0-100% RH) was used because the hydration and the dehydration curves of smectite are not the same (Keren and Shainberg, 1975) . Solvation with GLY or EG was accomplished by the vapor pressure method (Brunton, 1955; Brown and Farrow, 1956 ). The samples were saturated with GLY vapor at 110~ for up to 24 hr and with EG vapor at 60~ for up to 24 hr. The samples were then exposed for varying lengths of time up to a maximum of 20 days. The change of d-spacings and the intensity of the (001) reflection of solvated samples was not confirmed. The XRD patterns were obtained with a Rigaku diffractometer (RAD-IIA) using monochromatized CuKa radiation. The XRD patterns were recorded from 2~ 50~ with a resolution of 0.05~
RESULTS AND DISCUSSION
Greene-Kelly test
The Greene-Kelly test (Greene-Kelly, 1953a , 1953b was applied to the samples in this study. Samples Ts, SAz-1, and Sta-9c collapsed irreversibly, which indicates that the sites of isomorphic substitution are mainly in the octahedral layer. Samples NG-1, BS-3, and B2 showed a basal spacing of about 17.8 ~ with integral secondary spacing; the isomorphic substitution sites are, therefore, largely in the tetrahedral layer. The XRD patterns of samples SWy-1, N1, TU6, and M6 have nonintegral basal reflections. These patterns are interpreted as a random or segregated-type interstratification of collapsed layers (about 9.5 ~) and expanded layers (about 17.8 ,~). In order to estimate the proportion ofbeidellitic components, observed XRD patterns made after the Greene-Kelly test were compared with calculated patterns produced by a computer program for simulation of the (00/) diffraction profiles of a one-dimensionally disordered crystal [Watanabe (1981) , and modified by T. Iwasaki (personal communication)]. The proportions of tetrahedral charge (see Table 1 ) calculated from structural formulae were approximately consistent with those of the beidellite component obtained from the computer estimation.
Expansion with ethylene glycol (EG)
Charge characteristics and basal spacings of EG-solvated samples are summarized in Table 2 . Three stages were observed: two homogeneous stages with basal spacings of about 17 ]k and 14 ~, and an intermediate stage with basal spacings between 17 ~ and 14 A.
Except for the K-saturated NG-1, SAz-1, BS-3, B2 samples, the basal reflections of the EG-solvated samples showed integral basal reflections with a basal spacing of about 17/k. This suggests that a homogeneous bilayer, EG-smectite complex had formed (Brindley, 1966) .
The basal reflections of the K-saturated SAz-1, BS-3, and B2 samples showed an integral series with a basal spacing of about 14/k, which corresponds to onelayer of EG molecules. This phase was recognized only in the K-saturated samples with a high net layer charge.
Suquet et aL (1977) reported that K-saturated trioctahedral minerals with a net layer charge > 1.0 (esu/ unit cell) did not expand to 17 A with EG solvation. Machajdik and Cirel (1981) suggested that the net layer charge of K-smectites needed for the formation of 14 and 17/k phases was 1.0-1.6 and 0.5-1.2 (esu/unit cell), respectively. Our data indicate that K-smectites (except for NG-1) with layer charges of 0.68-0.94 (esu/ unit cell) form 17 ,~, bilayer complexes with EG, and that K-smectites with layer charge of 1.12-1.17 (esu/ unit cell) form 14 A monolayer complexes. A nonintegral series of reflections with a basal d-spacing between about 14 ,~ and 17 A was observed for K-saturated NG-1. The nonintegral and asymmetrical reflections indicate a random interstratification between monolayer and bilayer EG complexes. The glycolated, K-saturated, NG-1 sample has a layer charge of 0.76 and has an unexpectedly smaller do0~ spacing than those of the other low-charge smectites, This is probably due to the strong electrostatic forces between the interlayer cations and the negative charge in the tetrahedral layer.
Expansion with glycerol (GL Y)
The charge characteristics and basal spacings of GLYsolvated samples are given in Table 2 . Four stages were observed: two homogeneous stages with basal spacings of about 18 ~ and 14 ,~,, and two intermediate stages between 18 ~ and 14 ~ and between 14 ~ and 10 ~ (collapsed layer). Except for the beidellite samples (BS-3 and B2), the Na-saturated samples showed integral reflections with a basal spacing of about 18/~. This suggests that a bilayer GLY-smectite complex has formed (Brindley, 1966) . In the beidellite samples, a double EG-layer expanded phase in sample BS-3 and an intermediate stage between 18 ~ and 14 ,~ in sample B2 were observed. The integral reflections with a basal spacing of 14/~ suggest that a monolayer GLY-smectite complex forms (Brindley, 1966) .
Integral reflections with a basal spacing of about 14 ,~ were obtained for the K-saturated N 1 and Ts sampies. The asymmetrical reflections with a basal spacing between 14 /~ and 18 /~ or between 14 ~ and 10 ,~ (collapse phase) were observed for the other K-saturated samples. The glycolated samples with a high total charge and a high proportion of tetrahedral charge showed nonintegral reflections with basal spacings between 14 ,~ and 10 A.
The GLY-solvated, Ca-saturated samples, except for the sample BS-3, showed an integral series of refleclions with basal spacings of about 17.7-17.9 ~k. The basal spacing of Ca-saturated samples gradually decreases with increasing value of net layer charge. The doo~ spacing of Ca-saturated samples with two EGlayers is smaller than that of Na-saturated samples. The BS-3 sample has two GLY-expanded phases with basal spacings of 17.37/~ and 14.58 ~ and an integral series of reflections.
Expansion with water
The variations in basal spacings upon hydration of Na-, K-and Ca-saturated samples at different RHs are represented in Tables 3, 4 , and 5. With Na-saturated samples (Table 3) , the doo I spacing increases with increasing RH in distinct steps. All samples, except for N1, give a completely collapsed phase with a basal spacing of 9.8-10.0/~ at 0% RH. With increasing RH, an integral series of reflections with basal spacings of 12.4/k and 15.6 ,~ appears. These states have a basal spacing of about 10.0/~, 12.4 ~, and 15.6/~ and correspond to the dehydrated (0-water layer), the onewater layer hydrate, and the two-water layer hydrate, respectively. Three homogeneous states characterized by an integral series of reflections were observed in the range 0-90% RH. In this range, only a small difference in basal spacing was observed between homogeneous states of hydration. At the transition, integral reflections with long spacings, asymmetrical reflections, and doublet reflections were observed. There are various types of interstratified structures: regular, for sample SWy-1 in the range of 30-60% RH, and random-or segregation-type. Moore and Hower (1986) also reported regular interstratification between two hydrate states in Na-smectite. Therefore, in the range of 0-90% RH, it is probably difficult to evaluate any relationship between the crystallochemical properties and the expansion behavior. At 100% RH, most of these samples rapidly expanded further to a thickness equivalent to three-water layers with a d0ol of about 18.5-19.0 ,~, while samples BS-3 and B2 remained with only twowater layers. Moreover, sample SWy-1 expanded to a thickness of more than three-water layers, while sample N1 expanded to only three-water layers. Whereas the pairs of samples SAz-1 and BS-3, B2 and SWy-1 and N 1 have a similar layer charge, their expansion properties are different. In both cases, the spacings of the samples with negative charge dominantly in the octahedral sites gave larger basal spacings. These results suggest that the differences in expansion of these samples can be attributed to charge location. With K-saturated samples (Table 4) , the do01 spacings increase with increasing RH in distinct steps. All samples give a completely collapsed phase with a basal spacing of 10.2-10.6 A at 0% RH. As the RH increases, an integral series of reflections with a basal spacing of about 12.4/~ appears. Two homogeneous states characterized by an integral series of reflections were observed in the range of 0-90% RH. In this range, little difference was observed during the transition between two homogeneous states of hydration. However, the relationship between the crystallochernical properties and the expansion behavior is not as simple as in the case of the Na-saturated samples. At 100% RH, samples SWy-1, N1, and Sta-9c expanded to a thickness of more than one-water layer, while most of the selected samples remained with one-water layer. Moreover, sample SWy-1 expanded to a thickness equivalent to two-water layers.
Except for sample SWy-1, integral reflections were obtained for the Ca-saturated samples (Table 5) between 30% and 80% RH. In this range, the basal spacings gradually increased from 14.5 to 16.0 ,~. At 0% RH, the following phases were obtained: a phase characterized by an integral series of reflections with basal spacing of about 1 1.6 /~ (samples SWy-1, TU6, M6, BS-3, and B2); a phase characterized by nonintegral and asymmetrical reflections (NG-1, N1 and Sta-9c); and a double-expanded phase with basal spacings of 11.6 ,~ and 13.5 /k and with an integral series of reflections (Ts and SAz-1). The 11.6/k phase was comparable to one-water layer hydrated, Mg-vermiculite (Walker, 1956 ). According to Walker (1956) , the 13.5 phase still has two-water layers between the silicate layers, but fewer water molecule sites are occupied than in the 14.36 ,~ phase. In sample BS-3, a 12.36/~ phase with an integral series of reflections was observed at 10% RH. With respect to this phase, no one has suggested an arrangement for the water molecules in the interlayer region. At 100% RH, most of these samples rapidly expanded further to a thickness equivalent to three-water layers with a d001 of about 18.5-19.5 ]k, while samples BS-3 and B2 showed two-water layer hydrate with basal spacings of 15.5 ~ and 18.6 ]k and an integral series of reflections. Whereas samples SAz-1, BS-3, and B2 have a similar layer charge, their expansion properties are different. In this case, the spacings of the tetrahedrally-charged samples BS-3 and B2 are smaller than those of the octahedrally-charged sample SAz-1. The results suggest that differences in the expansion of these samples can be attributed to an effect of charge location. Marked differences in expansion behavior were obtained for each sample at 100% RH. Under lower RH conditions, a small difference was observed in the transition between the two homogeneous states of hydration. However, it is difficult to determine any relationship between crystallochemical properties and expansion behavior from this difference. It is necessary to consider the types of interstratified structures and the proportions of the component layers in determining any relationship because there are various types of interstratified structures at the transition. In the hydration range 0-90% RH, charge distribution is a significant factor. On the other hand, phase changes from 90% to 100% RH are rapid. Clearly the net layer charge and charge location affect the changes between the hydrated phases from 90% to 100% RH.
Expansion properties vs amount and location of layer charge
According to current theory, interlayer solvation (or hydration) exerts a repulsive force between the silicate layers and leads to expansion. On the other hand, if electrostatic attractive forces between the negativelycharged silicate layers and the positively-charged interlayer cations dominate, then the repulsive forces do not lead to expansion. Therefore, the expansion reaction is determined by a balance between the opposing forces. In comparing the expansion properties to the amount and location of layer charge for each sample, the repulsive forces can be regarded as constant for the following reasons: (1) homoionic samples were investigated under the same conditions, (2) the negativelycharged silicate layers moved apart from one another to some extent.
The main attractive force in the expansion is due to electrostatic interactions between the interlayer cations and the negatively-charged silicate surface. The positively-and negatively-charged sites can be treated as point charges. The attraction energy, Er, is given by the Coulomb electrostatic energy. The general formulation of the energy is given by:
~.r where qi and qs are the charges in the interlayer and the silicate layer, respectively; r is the distance between qi and qs; and ~ is the dielectric constant. Hawel and Licastro (1961) found that the dielectric constant of a clay crystal itself was 5 or 6. Keren and Shainberg (1975) used a value of 5 for the calculation of energy change in the hydration of montmorillonite. A value of 5 has been used for the dielectric constant in the calculations here. In the expansion, from an expanded state (e-state) to a further expanded state (f-state), the energy ("expansion energy") required to push the silicate layers apart is given by:
where Er e and Er s are the attraction energies in the e-state and f-state, respectively. As mentioned above, differences in the expansion of smectites with the same layer charge and under the same hydration and solvation conditions can be attributed to an effect of charge location. In the calculation of the AEr value, the charge location must be considered. In considering the effects of charge location, r is the distance between the interlayer cation and the negative charge, r t is the distance between the interlayer cation and the negative charge on the tetrahedral layer, and r o is the distance between the inter- where r~ and roe are the distances between the interlayer cations and the tetrahedral and octahedral charges in the e-state, respectively; and rtf and rof are the distances between the interlayer cations and the tetrahedral and octahedral charges in the f-state, and q, and qo are the charge on the tetrahedral and octahedral layers, respectively. We assumed that the position of negative charge due to isomorphic substitution in silicate layers is distributed over at least the three surface oxygens coordinated to tetrahedral AP +, or over at least the ten surface oxygens of the four silicon-oxygen tetrahedra linked to the sites of octahedral substitution (according to Farmer and Russell, 1971) , and the cations are centered in the interlayer region. The values for r, and ro are given in Table 6 . The expansion energies calculated from formula (3) are presented in Ta ence in basal spacings was found for glycerol-solvated, K-saturated smectites. Similarly, EG-solvated Na-and Ca-saturated samples afforded no clear differentiation ofsmectites (Figure 2) . However, the basal spacings of other treated samples are apt to contract stepwise with increasing value of AEr. The data presented in Figures  2, 3 , and 4 suggest that the lower energy required to push the silicate layers apart results in larger basal spacings, and a higher energy prevents further expansion of the layers. There is a relationship between the AEr values and expansion. Clearly, the effects of the amount and location of layer charge are represented by the AEr term.
Suggested method for characterization of layer charge
As shown in Figures 2, 3 , and 4, the large differences in the basal spacings of the smectites are observed for K-samples with EG-solvation, and Na-and K-saturated samples at 100% RH. The experimental boundaries of the expanded phases lie at approximately 2.6 and 3.2 kcal/mol for EG-solvated K-samples; 1.1, 3.0, and 4.0 kcal/mol for Na-saturated samples at 100% RH; and 2.0 and 2.5 kcal/mol for Na-saturated samples at 100% RH. For these samples, the figures showing the relationship between each expanded phase and the charge characteristics are obtained on the basis of the isoquants of AErs, given the boundary of expanded phases ( Figure 5 ). The isoquants of AErs with solid lines are obtained from Eq. (3) for each AEr.
With the present characterization method (expanded behavior test), the identification of the expandable clay minerals is generally based on the expanding behavior of minerals saturated with Mg and solvated with either ethylene glycol or glycerol (Walker, 1958; Harward et al., 1969) and on the collapsing behavior of K-saturated minerals (Weaver, 1956) . These expanding-behavior tests have been widely used for distinguishing smectites from vermiculites. These tests are not suggestive for the characterization of layer charge in common smectites with continuous characters of charge. However, the expansion-behavior test is applied to all common smectites because the layer charge of all smectites can plot within Figure 5 . The Greene-Kelly test can estimate the relative proportion of octahedral or tetrahedral charge by comparison of the observed and calculated X-ray diffraction patterns. Therefore, the behavior test using these figures may be combined with the Greene-Kelly test to estimate the amount and the location of the layer charge of common smectites.
